Intraoperative monitoring of cerebral hemodynamics during carotid endarterectomy (CEA) provides essential information for detecting cerebral hypoperfusion induced by temporary internal carotid artery (ICA) clamping and post-CEA hyperperfusion syndrome. This study tests the feasibility and sensitivity of a novel dual-wavelength near-infrared diffuse correlation spectroscopy technique in detecting cerebral blood flow (CBF) and cerebral oxygenation in patients undergoing CEA. Two fiber-optic probes were taped on both sides of the forehead for cerebral hemodynamic measurements, and the instantaneous decreases in CBF and electroencephalogram (EEG) alphaband power during ICA clamping were compared to test the measurement sensitivities of the two techniques. The ICA clamps resulted in significant CBF decreases (−24.7 ± 7.3%) accompanied with cerebral deoxygenation at the surgical sides (n = 12). The post-CEA CBF were significantly higher (+43.2 ± 16.9%) than the pre-CEA CBF. The CBF responses to ICA clamping were significantly faster, larger and more sensitive than EEG responses. Simultaneous monitoring of CBF, cerebral oxygenation and EEG power provides a comprehensive evaluation of cerebral physiological status, thus showing potential for the adoption of acute interventions (e.g., shunting, medications) during CEA to reduce the risks of severe cerebral ischemia and cerebral hyperperfusion syndrome.
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frequently used surgical intervention for restoration of the blood circulation by removing the blockage from the carotid artery, thus reducing the stroke risk (Chaturvedi et al 2005 , Plestis et al 1997 , Rowed et al 2004 . During CEA, the common, external and internal carotid arteries are temporarily clamped for removal of the atheromatous plaques in the inner lining of the carotid artery. The ICA clamping, if without temporary shunting (a temporary bypass connecting the sections below and above blockage for establishment of blood flow in clamped artery) to the brain, may lead to cerebral ischemia and hypoxia. However, the shunting itself may induce embolic events leading to perioperative stroke (Bond et al 2003 , Ackerstaff et al 1995 . The use of shunting during ICA clamping is usually selected by surgeons based on the real-time monitoring of brain physiological status (e.g., electroencephalographic monitoring) associated with cerebral hypoperfusion during surgery (Moritz et al 2007 , Blume et al 1986 , Cursi et al 2005 . Moreover, real-time monitoring of cerebral perfusion may help in making decisions for adopting acute medications for reducing the risk of cerebral hyperperfusion syndrome (CHS): a cause of neurological dysfunction after CEA (Adhiyaman and Alexander 2007) .
Currently, techniques for direct or indirect monitoring of cerebral perfusion during CEA at the bedside of surgical rooms include electroencephalography (EEG) (Blume et al 1986 , Cursi et al 2005 , Hirofumi et al 2003 , Jansen et al 1993 , Plestis et al 1997 , Rowed et al 2004 , somatosensory-evoked potential (SEP) (Friedell et al 2008 , Rowed et al 2004 , Moritz et al 2007 , transcranial Doppler sonography (TCD) (Jansen et al 1993 , Rowed et al 2004 , Ackerstaff et al 1995 , Moritz et al 2007 , Belardi et al 2003 , stump pressure (SP) (Moritz et al 2007 , Belardi et al 2003 and Xe 133 technique (Sundt et al 1981) . Among these techniques, EEG and SEP record the cerebral functional state (Franceschini et al 2008 , Moritz et al 2007 that does not necessarily reflect the cerebral perfusion. TCD and SP detect blood flow or blood pressure in large cerebral vessels which may not be consistent with cerebral blood flow (CBF) in microvasculature (Edlow et al 2010) . Although the Xe 133 technique can measure CBF in microvasculature, the invasive and complex nature of injecting radioactive isotopes in artery limits its wide use during surgery.
Near-infrared diffuse optical spectroscopy (NIRS) offers a noninvasive, rapid, portable and low-cost alternative for direct monitoring of cerebral tissue oxygenation in microvasculature (Fantini et al 1999 , Boas et al 2001 , Culver et al 2005 , Hebden et al 2004 , Everdell et al 2005 , Tian et al 2009 , Franceschini et al 2006 . The difference between major tissue chromophores in near-infrared (NIR) absorption spectra allows for the measurement of oxygenated and deoxygenated hemoglobin concentrations, total hemoglobin concentration and blood oxygen saturation. NIRS has also been incorporated with EEG for concurrently detecting cerebral oxygenation and brain waves in premature infants (Roche-Labarbe et al 2007) , healthy adults (Cooper et al 2009b , Rovati et al 2007 , and tissue-like phantoms (Cooper et al 2009a) . Applications of an NIR tissue oximeter during CEA have demonstrated that severe cerebral ischemia is associated with 5-25% decline in cerebral blood oxygen saturation (Pennekamp et al 2009) . However, the NIR tissue oximeter does not directly measure CBF.
NIR diffuse correlation spectroscopy (DCS) is an emerging technique capable of directly measuring CBF in healthy and diseased brains , Gagnon et al 2008 Cheung et al 2001 , Culver et al 2003 , Li et al 2008 , Zhou et al 2009 , Roche-Labarbe et al 2010 , Zirak et al 2010 . DCS utilizes rapid temporal fluctuations of NIR light intensity to directly detect the motion of moving scatterers (e.g., red blood cells) in the microvasculature of biological tissues. Measurements of blood flow variations by DCS in various organs and tissues have been compared and validated to other standards, including power Doppler ultrasound (Yu et al 2005b) , laser Doppler (Durduran 2004) , Xenon-CT , Doppler ultrasound (Buckley et al 2009 , Roche-Labarbe et al 2010 , fluorescent microsphere measurement (Zhou et al 2009) , and perfusion MRI (Yu et al 2007) . DCS offers several attractive new features for blood flow measurement, such as noninvasiveness, high temporal resolution (up to several milliseconds) (Dietsche et al 2007) , portability and relatively large penetration depth (up to several centimeters) , Li et al 2005 .
In some of the previous studies described above, DCS was combined with the NIR tissue oximeter in hybrid instruments to simultaneously measure both blood flow and oxygenation which allows an estimation of tissue oxygen metabolism , Yu et al 2005a , Roche-Labarbe et al 2010 . However, the combination of DCS flowmeter and NIR tissue oximeter made the hybrid instruments large and expensive. Recently, we developed a truly portable, easy-to-use and relatively inexpensive diffuse optical device based on DCS technology (namely DCS flow-oximeter) for simultaneous monitoring of tissue blood flow and oxygenation (Shang et al 2009) . DCS flow-oximeter measurements of blood oxygenation changes have been validated against a commercial tissue oximeter (Imagent, ISS Inc.) (Shang et al 2009) . Being truly portable (dimensions: 8 ×12 × 18 ), the DCS flow-oximeter is suitable for bedside monitoring of CBF and oxygenation in clinic, thus providing a comprehensive evaluation of cerebral physiological status.
This study aims to test the capability of DCS flow-oximeter in detecting cerebral hypoperfusion and hypoxia during ICA clamping as well as post-CEA hyperperfusion in surgical rooms. To the best of our knowledge, there have been no published reports of simultaneous measurements of CBF and cerebral oxygenation in microvasculature during CEA. Since EEG was applied in our patient population by the surgeon to detect the severe cerebral hypoperfusion for shunting selection, we compared the CBF variations measured by the DCS flow-oximeter with the changes of EEG power spectra to test the sensitivity of optical measurements in the evaluation of cerebral hemodynamics during CEA.
Methods

Patient characteristics and surgical procedures
Eleven patients with carotid stenosis and undergoing CEA participated in this study with the signed consents approved by the University of Kentucky Institutional Review Board (IRB). The stenoses caused by plaques inside the ICA were identified by duplex Doppler ultrasound, magnetic resonance (MR) and/or computed tomography (CT) angiography. Table 1 lists patient demographics, carotid stenosis percentages at the surgical and opposite (control) sides, and ICA clamping duration. The left or right side for each individual surgery was selected primarily based on the severity of carotid stenosis. However, patient 4 received CEA at the left side with 80% stenosis rather than the right side with 100% stenosis. In fact, CEA for 100% stenosis is not recommended since the surgical benefits to total ICA occlusion are insufficient and the surgeries are associated with a high risk of preoperative stroke (Matic et al 2009 , Bowen et al 1997 . Note that one patient underwent CEA twice at the right and left sides, respectively, on two different dates with an interval of 67 days. This patient was assigned two consequence numbers (5 and 6) for differentiating the right and left CEA. In total, 12 CEA procedures were monitored in this study.
The patients were placed under general endotracheal anesthesia. Using a standard sterile technique, an incision was made on the side with severe ICA stenosis along the anterior border of sternomastoid muscle and was deepened on subcutaneous tissue and platysma. After the placement of a self-retaining retractor and ligation of common facial vein, the carotid sheath was opened and common, external and internal carotid arteries were exposed and clamped sequentially using vascular clamps. Patients were given 5000 units of heparin prior 
Near-infrared DCS tissue flow-oximeter and EEG system
A custom-designed dual-wavelength DCS flow-oximeter (see figure 1 ) was used for continuous monitoring of CBF and cerebral oxygenation throughout CEA. Details about the DCS flowoximeter can be found elsewhere (Shang et al 2009) . Briefly, long-coherence (>5 m) NIR light emitted from two laser diodes (785 and 854 nm, 100 and 120 mw, Crystalaser Inc., USA) enters the tissue alternately via two multimode source fibers (diameter = 200 μm).
The scattered light through the tissue is collected by a single-mode detector fiber (diameter = 5.6 μm) connected to an avalanche photodiode (APD, Pacer Components Inc., UK). The distance between the fibers of the laser source (S) and the APD detector (D) is 2.5 cm. The light intensity fluctuation within a single speckle area of tissue (∼25 (π ×(5.6/2) 2 ) μm 2 ), detected by the APD, is sensitive to the motion of moving scatterers in tissue (e.g., moving red blood cells). An autocorrelator board (www.correlator.com, USA) takes the output of APD and computes the light intensity temporal autocorrelation function. From the normalized intensity autocorrelation function, the electric field temporal autocorrelation function G 1 (τ ) is derived, which satisfies the correlation diffusion equation in highly scattering media (Boas et al 1995, Boas and Yodh 1997) . The exact form of the correlation diffusion equation depends on the nature and heterogeneity of the scatterer motion. For the case of diffusive motion, the normalized electric field temporal autocorrelation function g 1 (τ ) decays at an early time approximately exponentially in τ (delay time). Relative blood flow (rBF) is thus extracted by fitting the autocorrelation curve whose decay rate depends on a parameter α (which is proportional to the tissue blood volume fraction), and on the motion of the red blood cells (Cheung et al 2001 , Yu et al 2005a , 2005b , Boas et al 1995 . The two wavelength measurements (785 and 854 nm) generate two flow curves (Shang et al 2009) .
The oxygenation information is extracted from data obtained by recording the average light intensities at two wavelengths (785 and 854 nm) detected by the APD. The wavelengths were chosen based on the lasers available, and optimization of wavelengths (Strangman et al 2003) will be the subject of future work. The changes of oxygenated hemoglobin concentration ( [HbO 2 ]) and deoxygenated hemoglobin concentration ( [Hb]) relative to their baseline values (determined before physiological changes) are calculated using a 'differential pathlength method' (Strangman et al 2003 , Song et al 2005 , based on the modified Beer-Lambert law. In this method, the standard Beer-Lambert law is modified to account for the lengthening of the mean photon pathlength due to tissue scattering. A differential pathlength factor (DPF) is introduced, which is the ratio of the mean photon pathlength to the physical separation of the source and detector. The detected time-course changes in light intensities at two wavelengths depend on extinction coefficients and DPF values at the working wavelengths as well as hemoglobin concentration changes ( [HbO 2 ] and [Hb]) of the measured tissue. The extinction coefficients and DPF values are determined based on the literatures (Duncan et al 1995 .
A 16-channel EEG system (XLTEK, Excel-Tech Ltd, Canada) was used to continuously monitor brain waves during CEA. Nineteen electrodes (including 16 active electrodes and 3 reference electrodes) were placed around the scalp based on 10-20 International System (Fisch 1999) . The electrode placed on a specific location of scalp probed the averaged field potential created by the cortical neurons in that particular area of the brain (Kaiser 2005) .
Optical and EEG measurements
Two fiber-optic probes containing source and detector fibers were taped on the surgical (with temporary ICA clamping during CEA) and control (without ICA clamping) sides of the forehead (see figure 1) before surgery using sterile transparent dressing (Tegaderm TM , 3M Health Care, USA). A Velcro strap was then employed across the forehead to tightly fix both probes and minimize the influence of room light on optical measurements. The two optical probes were connected to two DCS flow-oximeter devices for simultaneous monitoring of CBF and cerebral tissue oxygenation at both sides. The sampling time for a complete frame of flow and oxygenation measurements was 2.4 s. Note that one patient underwent two separate CEA surgeries on different dates, and received temporary ICA clamping at only one side during each CEA. This patient was assigned two consequential numbers (5 and 6), and the unclamped side during each CEA was used as the control side for comparison.
The 16-channel EEG signals were obtained from FP1-F3, F3-C3, C3-P3, P3-O1, FP1-F7,  F7-T7, T7-P7, P7-O1 positions on the left hemisphere, and FP2-F4, F4-C4, C4-P4, P4-O2,  FP2-F8, F8-T8, T8 -P8, P8-O2 positions on the right hemisphere (Fisch 1999) . The sampling rate of the system was 500 Hz, and a band-pass filter (0.1-100 Hz) was implemented to reduce noises at low and high frequencies.
EEG data analysis: instantaneous changes during ICA clamping
A previously established power spectral method (Cursi et al 2005 , Blume et al 1986 is used to quantify the instantaneous changes in EEG signals during ICA clamping. Briefly, 2 s EEG data (1000 data points at 500 Hz sampling rate) centered at time t from each of 16 channels are detrended as one series. After being preprocessed by a Hanning window to reduce the effect of spectral leakage, each series is transformed into a frequency domain by Fast Fourier Transform (FFT), from which the power spectrum at 8-15 Hz bandwidth is obtained. The reduction in 8-15 Hz EEG spectral power during ICA clamping compared to the baseline value indicates a decline in alpha-band brain activity, which is believed to be closely related to cerebral ischemia (Cursi et al 2005 , Mariucci et al 2003 , Blume et al 1986 . The consecutive series of the 2 s power spectra are then smoothed with Welch's method (Oppenheim and Schafer 1975) through averaging 10 series of power spectra data. By averaging the 8-channel power spectra on left and right hemispheres, respectively, the function of spectral power P(t) at the time t is acquired for each hemisphere.
To evaluate instantaneous changes of EEG signals during ICA clamping, the EEG desynchronization function
represents the percentage change of spectral power at time t, when compared to 1 min averaged pre-clamping power P 0 (the reference power). 
Optical data analysis
2.5.1. Individual hemodynamic responses throughout CEA. The optical measurements using a source-detector (S-D) separation of 2.5 cm permit NIR light to penetrate ∼1.25 cm into the tissue, allowing for the detection of cerebral hemodynamics in adult cortex . The uses of 2.5 cm S-D separation for detection of CBF and cerebral oxygenation have been demonstrated and validated in various human studies (Edlow et al 2010 , Li et al 2005 . For example, Kim et al (2010) have recently demonstrated that the CBF obtained from the 2.5 cm S-D separation of DCS measurement agreed well with the CBF in adult cortex detected by Xenon-Enhanced CT. Note however, even at this relatively large S-D separation (2.5 cm), there are always some contributions to the cortex signal from the overlaying tissues (skin and skull), i.e., the partial volume effects . In order to precisely extract cerebral hemodynamic information, measurements with multiple source-detector separations and multi-layer theoretical models are required (Kienle and Glanzmann 1999 , Farrell et al 1998 , van Beekvelt et al 2001 , which will be the subject of future work.
Since DCS flow signals are not sensitive to variation in the wavelength (Shang et al 2009) , CBF data obtained from one wavelength (785 nm) are presented in this study. Cerebral oxygenation changes are extracted by measuring the light intensity changes at two wavelengths (785 and 854 nm). Individual time traces for relative changes in CBF and oxygenation during CEA are calculated and presented. The relative CBF (rCBF) is denoted as the CBF percentage relative to its baseline value (assigned to be 100%). The [HbO 2 ] and [Hb] represent the changes of oxygenated and deoxygenated hemoglobin concentrations relative to their baseline values (assigned to be zero).
Averaged hemodynamic changes throughout CEA.
In order to evaluate hemodynamic and EEG changes during ICA clamping and compare with previous studies (Cursi et al 2005) , the 1 min hemodynamic data (rCBF, [HbO 2 ], [Hb]) right before clamping are averaged as the pre-clamping baselines, which are consistent with the data analysis used in previous studies. The mean hemodynamic values during the entire period of ICA clamping are then compared to these pre-clamping baselines for the evaluation of cerebral ischemia/hypoxia during ICA clamping. The post-CEA hemodynamic data are averaged for 5 min and compared to the 5 min averaged pre-CEA baselines for investigating the CEA-created hemodynamic changes.
Instantaneous CBF changes during ICA clamping.
To evaluate instantaneous CBF changes during ICA clamping and compare them to the brain activity (EEG) changes, the same method used for EEG spectral power (P(t)) (see section 2.4) is applied to the CBF data analysis, resulting in derivative CBF outcomes of D(t), slope (S), D-index and time-to-minimum.
Results
Individual cerebral hemodynamic changes throughout CEA
The data analysis methods are depicted in section 2.5.1. Figure 2 shows the typical cerebral hemodynamics at the surgical and control sides from one patient (12) undergoing CEA. Upon initial clamping of the ICA for removing atheromatous plaque, the rCBF at the surgical side decreased sharply and rapidly (see figure 2(a) figure 2(b) ). These instantaneous responses are expected since the ICA clamping cut off the blood flow (rCBF) and reduced the blood volume (proportional to [HbO 2 ] + [Hb]) supplied to the surgical side of the brain. After reaching its minimal level, rCBF increased and partially recovered toward its baseline value in a short time period although the rCBF level finally remained slightly lower than its pre-ICA baseline (see figure 2(a) ). The observed rCBF increase/recovery at the surgical side was likely due to the compensation of blood flow from the control side of the brain (see the rCBF decrease at the control side described in the following paragraph). The instantaneous rCBF increase/recovery temporarily elevated both [HbO 2 ] and [Hb] . However, as a result of ICA clamping and continuous cerebral oxygen consumption, [HbO 2 ] decreased whereas [Hb] increased gradually (see figure 2(b) ). Following the release of arterial clamping, there was an obvious reactive hyperemia (see figure 2(a) ), causing small fluctuations in cerebral oxygenation (see figure 2(b) ). Ultimately, the post-CEA rCBF (121.3%) was higher than its baseline value at the surgical side (see figure 2(a) ).
The hemodynamic responses to ICA clamping at the control side were different from those at the surgical side; rCBF decreased rapidly at the beginning of clamping and stayed in a relatively lower level (compared to its baseline) during clamping (see figure 2(c)) whereas the changes in cerebral oxygenation ( [HbO 2 ] and [Hb]) were small (see figure 2(d) ). The rCBF decrease during clamping at the control side is likely due to the redistribution (compensation) of blood flow to the surgical/clamping side of brain, since this flow decrease was synchronized with the flow increase/recovery at the surgical side (see figure 2(a) ). Interestingly, the cerebral oxygenation level at the control side (see figure 2(d)) could be maintained constantly during the arterial clamping even when the rCBF was lower than its baseline level (see figure 2(c) ). Finally, the post-CEA rCBF was slightly higher than its baseline value at the control side. . * * represents p < 0.01 and * represents p < 0.05. The rCBF and cerebral oxygenation at the surgical sides were significantly altered by ICA clamping. By contrast, there were no significant hemodynamic changes during ICA clamping at the control sides. Significant increases in rCBF after CEA were observed only at the surgical sides. Post-CEA changes in cerebral oxygenation were not significant at both surgical and control sides.
Averaged hemodynamic changes over patients throughout CEA
The data analysis methods are depicted in section 2.5.2. The averaged results (mean ± standard error) during ICA clamping and after CEA are summarized in figure 3 over all patients. On average, the rCBF and cerebral oxygenation at the surgical sides were significantly altered by ICA clamping (rCBF = −24.7 ± 7.3%, p = 0.006; [HbO 2 ] = −3.4 ± 1.1 μMol, p = 0.009; [Hb] = +3.6 ± 1.6 μMol, p = 0.049). By contrast, the hemodynamic changes at the control sides during ICA clamping were not statistically significant (rCBF = −7.4 ± 6.9%; [HbO 2 ] = +0.6 ± 0.7 μMol; [Hb] = −1.7 ± 1.8 μMol, p > 0.3). Significant increases in rCBF (+43.2 ± 16.9%, p = 0.03) after CEA compared to the pre-CEA baseline were observed only at the surgical sides (see figure 3(a) ). Post-CEA changes in cerebral oxygenation were not significant at both surgical and control sides (see figures 3(b) and (c)).
Instantaneous changes in CBF and EEG power during ICA clamping
The data analysis methods are depicted in sections 2.4 and 2.5.3. Figure 4 shows the calculated slope (S), D-index and time-to-minimum for both CBF (top panel) and EEG (bottom panel) data obtained from the surgical side in the same patient (12) presented in figure 2. The large negative CBF slope (−1.25) during the first 30 s clamping period indicates the rapid CBF decrease that resulted from ICA clamping (see figure 4(a) ). The time duration of CBF decrease and maximal CBF change during the entire clamping period were characterized by time-to-minimum (80 s) and D-index (−66.2%) (see figure 4(b) ). By contrast, the EEG power changed slightly (S = 0.11, see figure 4(c)) and reached its minimum (D-index = −42.8%) in a longer period of time (time-to-minimum = 1016 s) (see figure 4(d) ).
Different patients demonstrated different instantaneous responses to the ICA clamping. were also similar. However, the time-to-minimums for CBF (157 s) and EEG power (19 s) were quite different (see figures 5(b) and (d)). Figure 6 shows the rCBF and EEG responses to ICA clamping at the surgical sides in most patients (n = 11) except patient 8. Most patients showed an expected decrease in EEG power (D(t)) at the surgical sides during the entire period of ICA clamping. However, the EEG power of patient 8 showed a continuous increase during ICA clamping for unknown reasons (data are not shown). The D-index (defined as the minimum of D(t) during the entire period of ICA clamping) and time-to-minimum (defined as the period from the beginning of ICA clamping to the time of D-index) cannot be calculated for this patient since there was no minimum of for comparison due to its paradoxical EEG response. The ICA clamping resulted in large and consistent CBF decreases in all patients (S = −3.08 to −0.65). By contrast, the EEG slopes varied (S = −2.21 to +0.51) and only a few patients (n = 5) demonstrated reductions in brain waves (S < 0) during ICA clamping. The negative CBF slopes (n = 11) were significantly larger (p = 0.0002) than the EEG slopes (n = 11). The absolute CBF D-indices were significantly higher (p < 10 −4 ) than the absolute EEG D-indices. The CBF time-to-minimums were significantly shorter (p = 0.02) than the EEG time-to-minimums. These results indicate the higher sensitivity of DCS measurement in detecting cerebral ischemia compared to EEG monitoring.
D(t) (i.e., D-index)
during the entire period of ICA clamping. Therefore, the EEG responses in patient 8 were considered as 'paradoxical' and his data were excluded for comparisons, although the clamping-induced CBF responses were in normal ranges (S = −1.57, D-index = −64.3%, time-to-minimum = 33 s).
As shown in figure 6(a) , the ICA clamping resulted in consistent CBF decreases (S = −3.08 to −0.65) in all patients at the beginning of ICA clamping, indicating the clampinginduced instantaneous cerebral hypoperfusion. By contrast, the EEG slopes varied from −2.21 to +0.51 (n = 11), and only a few patients demonstrated reductions in brain waves during the first 30 s clamping period (S < 0). The averaged CBF slope (−1.88 ± 0.23) was significantly larger (p = 0.0002) than the average EEG slope (−0.44 ± 0.26). As illustrated in figure 6(b) , the averaged absolute CBF D-index (65.7 ± 5.9%) was significantly higher (p < 10 −4 ) than the absolute EEG D-index (27.2 ± 4.2%), indicating the higher sensitivity of CBF in detecting the maximal cerebral hypoperfusion.
As demonstrated in figure 6(c), the averaged CBF time-to-minimum (66.1 ± 12.0 s) was significantly shorter (p = 0.02) than EEG time-to-minimum (258.7 ± 88.1 s), indicating the earlier CBF response in detecting the most severe cerebral hypoperfusion.
At the 11 control sides, the averaged CBF slope (−0.22 ± 0.30) and absolute D-index (32.1 ± 5.5%) were significantly smaller (p < 0.005) than those (S = −1.88 ± 0.23, absolute D-index = 65.7 ± 5.9%) at the surgical sides. The CBF time-to-minimum (702.3 ± 115.5 s) was significant longer (p < 10 −4 ) than that (66.1 ± 12.0 s) at the surgical sides. By contrast, the averaged EEG slope (−0.45 ± 0.24), absolute D-index (26.8 ± 2.2%) and time-to-minimum (218.8 ± 40.8 s) were not significantly different from those (S = −0.44 ± 0.26, absolute D-index = 27.2 ± 4.2%, time-to-minimum = 258.7 ± 88.1 s) at the surgical sides (p > 0.05). Table 2 summarizes the means and standard errors of clamping-induced CBF and EEG responses at the surgical sides over 11 patients, as well as the significant differences (p value < 0.05) between the CBF and EEG responses. Overall, no correlations were found between the CBF and EEG responses at either surgical sides or control sides.
Clinical outcomes after CEA
All patients had uneventful postoperative course, and there was no late postoperative stroke, myocardial infection or death. Only one patient (11) developed the symptom of headache. Interestingly, this patient exhibited remarkably larger CBF decreases during ICA clamping at both surgical (−62.2%) and control (−55.2%) sides compared to the averaged CBF decreases over all patients at the surgical (−24.7 ± 7.3%) and control (−7.4 ± 6.9%) sides. The CBF response to ICA clamping in this patient (11) was faster, greater and earlier compared to EEG response (see figure 6 ).
Discussion and conclusions
Real-time monitoring of cerebral hemodynamic status during CEA provides essential information for reducing the risks of clamping-induced cerebral hypoperfusion/hypoxia (Rowed et al 2004) and post-CEA CHS (Adhiyaman and Alexander 2007) . At present, most techniques used for monitoring of cerebral perfusion during CEA are limited to indirect estimation of CBF (e.g., EEG, NIRS oximeter, SEP, SP), which may not be consistent with direct CBF measurements. TCD and Xe 133 techniques are the methods currently used in clinic to directly measure middle cerebral artery blood flow or regional CBF during CEA. It has been suggested by TCD and Xe 133 measurements that a substantial CBF reduction (>∼70%) during ICA clamping should be considered as a severe cerebral ischemia for selective shunting (Friedell et al 2008 , Jansen et al 1993 and a significant CBF increase (>∼100%) after CEA as a risk of CHS (Adhiyaman and Alexander 2007, Sundt et al 1981) . Unfortunately, TCD can only insonate the proximal portions of the intracranial arteries, which may not be consistent with CBF (Edlow et al 2010) , and it cannot be performed on 10-15% patients due to the lack of a temporal bone window (Pennekamp et al 2009) . The requirement of radioactive isotope injection precludes the wide use of Xe 133 technique in clinic. Other methods such as NIRS tissue oximeter and EEG have also been explored to detect cerebral ischemia for shunting selection. Unfortunately, neither is perfect. The ischemic threshold determined by the NIRS tissue oximeter varies substantially (5-25% reduction in blood oxygen saturation), thus reducing the reliability for shunting decision (Pennekamp et al 2009) . Although some studies have demonstrated that CEA could be performed by EEG monitoring with stable shunting threshold (e.g., >50% reduction in alpha-band activities or >0.7 Hz asymmetry of main frequency) (Blume et al 1986 , Plestis et al 1997 , Friedell et al 2008 , Pennekamp et al 2009 , Hirofumi et al 2003 , post-surgical neurological deficit or cerebral infarction was still found in some patients with no significant EEG changes during CEA (Rowed et al 2004 , Jansen et al 1993 . The unsuccessful probing of severe cerebral ischemia by EEG suggests the need for direct CBF monitoring since the EEG changes originated from the CBF changes. It is well known that the sudden CBF interruption could cause a disruption of neural activity followed by cellular death within a few minutes depending on the residual blood flow and the duration of cerebral ischemia that are not easily measurable in clinical practice (Cursi et al 2005) .
We have demonstrated in this study that the portable DCS flow-oximeter (see figure 1 ) can noninvasively and continuously detect the changes in CBF and cerebral oxygenation during CEA, and the optical measurements are very sensitive to physiological events such as ICA clamping and releasing. As expected, ICA clamping resulted in a significant CBF decrease accompanied with cerebral deoxygenation at the surgical sides (see figures 2(a) and (b)). After the ICA stenosis was cleaned and clamping was released, both CBF and cerebral oxygenation recovered gradually toward their baselines, and eventually the post-CEA CBF level was significantly higher than its baseline level. By contrast, the cerebral hemodynamic change during CEA at the control side (see figures 2(c) and (d)) was less than the surgical side, and the cerebral autoregulation/compensation between the two hemispheres was observed.
Note that baseline variations in CBF and oxygenation before ICA clamping were observed in some patients (see an example shown in figure 2), which are not surprising considering the complexity of surgical operations. Many factors could cause the baseline variations in cerebral hemodynamics such as physiological responses (e.g., blood pressure, heart rate) to anesthesia and motion artifacts induced by the adjustment of head position for operation convenience. Although the baseline variations may influence the estimations of individual CBF and cerebral oxygenation changes, the averaged results over patients should reduce such influences. Nevertheless, the ICA clamping-induced significant hemodynamic alterations were clearly observed in all patients involved in this study.
The patients involved in this study showed similar hemodynamic responses throughout the CEA: significant decreases in CBF and cerebral oxygenation during ICA clamping and significant increases in CBF after CEA at the surgical sides; and remarkable but insignificant hemodynamic variations at the control sides (see figure 3) . However, different patients demonstrated different sensitivities in response to CEA as indicated by the large error bars shown in figure 3 , which are likely dependent on the severity of ICA stenosis, duration of ICA clamping, sensitivity to spontaneous perturbations (e.g., ICA clamping), contralateral compensation (mainly determined by the integrity of the circle of Willis) and cerebral adaptive capacity. The large rCBF difference between the surgical and control hemispheres (p = 0.02) during ICA clamping (see figure 3(a) ) might be due to the cerebral impairment in contralateral flow compensation capacity in the patients with severe ICA stenosis (see table 1 ). Quantification of individual cerebral response to CEA provides useful information for evaluating surgical impacts on brain and for optimizing individual intervention. For example, the clamping-induced cerebral hypoperfusion (CBF decrease) and hypoxia ( [HbO 2 ] decrease and [Hb] increase) may cause cerebral tissue damage and/or neural dysfunction if they are severe and long lasting. The CBF elevation after CEA may result from the reestablishment of large arterial blood supply to the ischemic cerebral tissue by CEA as well as the reperfusion after temporary ICA clamping. While the blood supply improvement by CEA is beneficial for patients, the hyperperfusion (e.g., >100% CBF increase) after CEA may cause CHS (Adhiyaman and Alexander 2007) . Separation of the CBF improvement from the reperfusion effect requires long-term CBF monitoring, which will be the subject of future work. Nevertheless, intraoperative monitoring of clamping-induced cerebral hypoperfusion and post-CEA-induced reperfusion would help in making decisions to apply acute interventions (e.g., arterial shunting) for avoiding brain tissue damage or to adopt medications for reducing the risk of CHS.
To test the sensitivity of the optical measurements in the detection of instantaneous cerebral hypoperfusion at the early time period of ICA clamping for selective shunting, we employed similar methods on data analysis for both EEG spectrum and CBF (see sections 2.4 and 2.5). Several studies have been performed in human subjects to identify cerebral ischemia during ICA clamping either by on-line visual inspection or by a more sophisticated but objective off-line spectral analysis of EEG signals (Cursi et al 2005 , Rigamonti et al 2005 , Blume et al 1986 . The EEG alpha-band activity modifications during ICA clamping seem to play an important role in determining the dynamics of cerebral ischemia. For example, Cursi et al employed continuous EEG monitoring during 47 consecutive CEA to evaluate the usefulness of EEG alpha-band power in detecting cerebral hypoperfusion (Cursi et al 2005) . Their patients were grouped according to the off-line EEG spectral power changes at the beginning of ICA clamping: group A with major changes, group B with moderate changes and group C with no change. On the basis of on-line visual EEG analysis by expert electroencephalographers, the patients in group A and some patients in group B (with permanent EEG modifications) were shunted. No post-CEA complications were found in all patients with or without shunting (n = 47).
According to the established criteria for shunting selection (Cursi et al 2005) , both on-line visual inspections and off-line power spectral analyses of EEG signals (see figures 4-6) suggest that all patients in the present study do not require arterial shunting during CEA. This is not surprising, as usually only 5-16.8% patients undergoing CEA need arterial shunting (Friedell et al 2008 , Hirofumi et al 2003 , Pennekamp et al 2009 , Nielsen et al 2002 . Although the lack of selective shunting in the present study makes it impossible to judge the usefulness of CBF measurements for shunting selection, the fact that the CBF responses to ICA clamping in majority of the patients were significantly faster (see figure 6(a) ), greater (see figure 6(b) ), and earlier (see figure 6(c)) indicates the higher sensitivity of DCS measurement compared to EEG monitoring. The lower sensitivity of EEG measurements is likely anticipated since the clamping-induced interruption of CBF and cerebral oxygenation may or may not significantly affect brain neuronal activity (EEG), which is dependent on each individual response. Considering the difference in detection sensitivity between the DCS and EEG measurements and the small number of patients in this study, it is not surprising that no correlations were found between the CBF and EEG responses to ICA clamping. Moreover, the observed significant differences between the two hemispheres in CBF slope, D-index and timeto-minimum indicate the sensitivity of CBF in distinguishing the ischemic and non-ischemic hemispheres. By contrast, the difference between the two hemispheres in EEG response was not significant.
To conclude, this pilot study demonstrates the capacity of DCS flow-oximeter in detecting cerebral hypoperfusion and hypoxia during ICA clamping and cerebral reperfusion after CEA. DCS provides a direct, objective (without the need of visual inspection), straightforward (without the need of off-line power spectral analysis), and more sensitive way in determining CBF changes compared to EEG. Early detection of the CBF interruption during CEA may alert the surgeons to take prompt actions for preventing consequent complications. Simultaneous monitoring of CBF and cerebral oxygenation (by DCS flow-oximeter) as well as brain neuronal activity (by EEG) provides a comprehensive evaluation of cerebral physiological status during CEA, thus showing a potential for adoption of acute interventions (e.g. shunting, medications) during CEA to reduce the risks of severe cerebral ischemia and CHS. More patients are being recruited and cerebral hemodynamic responses during CEA would be correlated with long-term clinical outcomes (e.g., post-surgical neurological deficit or cerebral infarction) to determine the thresholds of severe hypoperfusion during ICA clamping and hyperperfusion after CEA.
